The folding pathway of human FKBP12, a 12 kDa FK506-binding protein (immunophilin), has been characterised. Unfolding and refolding rate constants have been determined over a wide range of denaturant concentrations and data are shown to ®t to a two-state model of folding in which only the denatured and native states are signi®cantly populated, even in the absence of denaturant. This simple model for folding, in which no intermediate states are signi®cantly populated, is further supported from stopped-¯ow circular dichroism experiments in which no fast``burst'' phases are observed. FKBP12, with 107 residues, is the largest protein to date which folds with simple two-state kinetics in water (k F 4 s À1 at 25 C). The topological crossing of two loops in FKBP12, a structural element suggested to cause kinetic traps during folding, seems to have little effect on the folding pathway.
Introduction
Since 1968, when Levinthal ®rst proposed that proteins could not fold by a random search of conformational space (Levinthal, 1968) , it has been widely accepted that proteins must have de®ned folding pathways. Many experimental studies have attempted to characterise folding pathways.
Initially, the protein folding ®eld was dominated by the study of proteins which folded through stable intermediate states which were populated and could thus be characterised (Evans & Radford, 1994) . In 1991, however, it was shown that stable intermediates were not essential for the fast ef®-cient folding of a protein (Jackson & Fersht, 1991a) and it has subsequently been suggested that stable intermediates may slow the folding process (Fersht, 1995) . More than 20 small proteins have now been shown to fold with simple two-state kinetics (Jackson, 1998) , and it is likely that many other small proteins, or domains of larger proteins, will also fold in this way. Here we present studies on human FK506-binding protein, FKBP12, and show that, despite its size and structure, it too folds according to a two-state model. Human FKBP12 is a 12 kDa protein, 107 residues in length. It is the major cytosolic immunophilin (immunosuppressant-binding protein) in mammalian cells and inhibits T-cell proliferation when bound to FK506 or rapamycin (Kay, 1996) . It contains no disulphide bridges, and all of its seven proline residues are in a trans conformation in the native state, thus the folding will not be limited by disulphide bond formation or rearrangement, or proline isomerisation. In addition, it has been shown that FKBP12 undergoes a reversible twostate unfolding under equilibrium conditions which can be induced using urea or guanidinium chloride (GdnHCl) (Egan et al., 1993) . The urea and GdnHCl-induced denatured states have been characterised using NMR spectroscopy which has shown that, although there is some evidence for eeting residual structure, there is no evidence for extensive structure in the unfolded state (Logan et al., 1994) . The structure of native FKBP12, which has been solved by X-ray crystallography and NMR spectroscopy (Michnick et al., 1991; van Duyne et al., 1991) , is outlined below and shows some interesting features which may affect the folding pathway.
The structure of FKBP12 is characterised by a large, amphiphilic, antiparallel ®ve-stranded bsheet with 3, 1, À 3, À 1 topology (see Figure 1 ). An amphiphilic a-helix packs against the hydrophobic face of the b-sheet at an angle of 60 with respect to the long axis. The b-sheet has a righthanded twist and wraps around the helix to form a well-ordered hydrophobic core. The immunosuppressant-binding site, which contains many aromatic side-chains, forms a large, shallow hydrophobic pocket between the a-helix and b-sheet. A notable feature of FKBP12 resulting from the 3, 1, À 3, À 1 topology of the b-sheet is a topological crossing of loop-1(Pro9-Gln20 which connects b-strand 1 and b-strand 2), and loop-4 (Ala64-Gln70 which connects the a-helix to b-strand 4). Although crossing topologies have been observed in proteins containing parallel b-sheets, they are rare in antiparallel b-sheet structures (Michnick et al., 1991) . It has been suggested that the topological crossing of loops may result in complex folding pathways which would slow folding, and may even result in misfolded species which would form kinetic traps on the folding pathway (Michnick et al., 1991) .
A number of different experimental approaches have been used to study the structure and energetics of folding transition states. Two main strategies have been adopted; the ®rst is to study wildtype protein and measure the rates of unfolding and refolding as experimental conditions such as temperature, denaturant concentration, ligand concentration, etc. are varied. This provides low-resolution information on the thermodynamic nature of the transition state, as well as its compactness, as measured by burial of hydrophobic side-chains.
Studies on the folding and unfolding of wild-type proteins in the presence and absence of ligand have yielded information on structure formation in ligand-binding pockets during folding (Sancho et al., 1991) . Recently, this type of approach has been extended by studying the effect of sugars and alcohols on the rate of folding and unfolding (Chiti et al., 1998 (Chiti et al., , 1999 . These experiments have yielded information on the extents of hydration and secondary structure, particularly a-helices, in the transition state. The second approach is to use protein engineering techniques, and measure the relative stabilities and rates of folding of wild-type and mutant protein. The È-value analysis is then used to quantitatively measure the energetics of structure formation in the transition state (Fersht et al., 1992) . This experimental approach, which provides detailed, residue-speci®c information on the energetics of the transition state for folding, has been complemented by molecular dynamic simulations Figure 1 . Structure of the human FKBP12-rapamycin complex. The major secondary structural features of FKBP12 are a large, amphiphilic, ®ve-stranded antiparallel b-sheet with a 3, 1, À3, À1 topology and a small, amphiphilic a-helix. The a-helix, from Ile56 to Val63, packs against the hydrophobic face of the b-sheet to form the main hydrophobic core of the protein. The b-sheet comprises of b-strand 1 (Val2 to Ser8), b-strand 4 (Arg71 to Ile76), b-strand 5 (Leu97 to Leu106), bstrand 2 (Thr21 to Leu30), b-strand 3, which splits into two (Lys35 to Ser38 and Phe46 to Met49). The rapamycin-binding site comprises residues Tyr26, Phe46, Val55, Ile56, Trp59 and Phe99. Rapamycin (RAP) is shown using a ball-and-stick representation. The secondary structure representation was produced using MOL-SCRIPT (Kraulis, 1991) and rendered using Raster3D (Merritt & Murphy, 1994) .
which have provided structural information on the transition state Ladurner et al., 1998) .
Here and in the accompanying paper (Fulton et al., 1999) , we present a comprehensive characterisation of the pathway of folding and transition state for folding of FKBP12. We have employed both experimental approaches outlined above, as well as performing molecular dynamic simulations, to give a highly detailed picture of both the energetics and structure of the transition state for folding. The results obtained using the two different experimental techniques are compared, as are the results obtained from theoretical simulations and experiment. This is the ®rst example of the use of all three approaches to characterise the transition state for folding of a single protein.
Results

Equilibrium experiments
Figure 2(a) and (b) show the change in the fraction of unfolded FKBP12 upon titration with chemical denaturants urea or guanidinium chloride (GdnHCl). There is a single, sharp transition between the initial and ®nal states indicating that FKBP12 unfolds cooperatively according to a twostate model under equilibrium conditions, as has been shown previously (Egan et al., 1993) . Thē uorescence-monitored unfolding has been shown to correspond to a global denaturation of the protein (Egan et al., 1993) . The entire data set can be ®tted directly to equation (8) (see Materials and Methods), from which the value of [D] 50 % , the midpoint of unfolding and m U-F , a constant that is proportional to the increase in degree of exposure of the protein on unfolding, can be calculated (Table 1 ). The values of ÁG H 2 O U-F obtained from either urea (5.53(AE0.12) kcal mol À1 ) or GdnHCl (5.13(AE0.21) kcal mol À1 ) denaturation using equation (9) (see Materials and Methods) are very similar, and fall within the range of values obtained for other globular proteins (Robertson & Murphy, 1997) .
Figure 2(a) also illustrates the effect of small concentrations of tri¯uoroethanol (TFE) on the stability of the native state of the protein as measured by urea-induced denaturation curves. Low concentrations of TFE (3.6-9.6 % (v/v)) stabilise the native state of FKBP12 relative to the unfolded state by up to 1.1 kcal mol À1 , whereas higher concentrations (17 % (v/v)) destabilise the protein by some 0.4 kcal mol À1 (Table 1) . TFE is known to weaken hydrophobic interactions (Lu et al., 1997) and to stabilise secondary structure (Nelson & Kallenbach, 1989; CammersGoodwin et al., 1996; Walgers et al., 1998) , and high concentrations of TFE are known to unfold proteins by stabilising non-native a-helices in the unfolded state (Narhi et al., 1996; Sivaraman et al., 1996) . The TFE unfolding of FKBP12 is shown in Figure 2 (c).
Figure 2(b) shows the normalised unfolding curve for the GdnHCl-induced denaturation of free and complexed FKBP12. In both cases data can be ®tted to a two-state model of unfolding Unfolding was monitored using¯uorescence spectroscopy and data has been normalised for comparative purposes. All experiments were performed at 25 C, in 50 mM TrisHCl (pH 7.5), 1 mM DTT. The continuous curves shows the best ®t of the data to equation (8). The thermodynamic parameters calculated from these ®ts are shown in Table 1 .
Folding Pathway of FKBP12
(equation (8)). The presence of 20 mM rapamycin, which is a tight-binding ligand (K d 0.2 nM) (Bierer et al., 1990) , stabilises the folded state relative to the unfolded state. An apparent difference in free energy of unfolding between free and complexed FKBP12, ÁG app , can be calculated, and, if the ligand concentration is known, used to calculate K d using equation (1) (Meiering, 1992) :
where [L] is the ligand concentration, and K d the dissociation constant for the protein-ligand complex. For FKBP12 it is dif®cult to calculate ÁG app accurately because of the difference in m U-F between free and complexed FKBP12. Although the difference is much larger than normally observed for wild-type and mutant proteins (Jackson et al., 1993) it can be attributed to the nonlinearity of ÁG U-F with respect to [D] at low concentrations of GdnHCl. Estimates of m U-F can be obtained at different [GdnHCl] using Tanford's model relating m U-F to a, the fractional degree of exposure of residues on unfolding, and the amino acid composition of the protein (Tanford, 1968 (Tanford, , 1970 , and following the analysis of Ahmad & Bigelow (1986) . For FKBP12, m U-F is proportional to 7.8 [GdnHCl] À0.4
, which predicts an increase in m U-F by a factor of 1.5 between 0.8 M and 2.1 M GdnHCl, the midpoints of unfolding of free and complexed FKBP12, respectively. This prediction is in agreement with the experimentally determined values taking into account experimental error. Thus, the low value for m U-F for the FKBP12-rapamycin complex re¯ects intrinsic changes in m U-F with [GdnHCl] .
Unfolding kinetics
The unfolding of FKBP12 is monophasic, and data can be ®tted to a single exponential. The observed ®rst-order rate constant is found to increase exponentially with increasing [D] , in accordance with equation (2):
where k U is the rate constant of unfolding at a given denaturant concentration, k Table 2 . The plot of lnk U versus [D] for the GdnHCl-unfolding, however, shows slight deviations from linearity (Figure 3(b) ). Such non-linearity has been observed for other proteins and may result from small movements in the position of the transition state with denaturant concentration (Matouschek & Fersht, 1993; Matouschek et al., 1995) . To account for this non-linearity the data were also ®tted to a second-order polynomial equation:
where m {-F and m* {-F are the coef®cients for the ®rst and second-order [D] terms, respectively. The slope of the plot at a particular GdnHCl concentration is given by 
Refolding kinetics
The refolding of FKBP12 is at least a triphasic process in 50 mM Tris-HCl (pH 7.5), 1 mM DTT at 25 C. The multiphasic nature of the refolding reaction results from a heterogeneous population in the denatured state due to proline isomerisation. The fast folding phase, 67 % of the amplitude measured by stopped-¯ow spectroscopy, corresponds to the folding of the fraction of protein that has all its proline residues in a trans conformation in the denatured state. The following discussion applies only to the fast phase; characterisation of the slower phases and evidence that these correspond to rate-limiting proline isomerisation reactions is discussed below. The [denaturant]-jump experiments were used to measure the rate constant for folding between 0.54 and 3.0 M for urea, and 0.1-0.5 M for GdnHCl. The rate is found to decrease exponentially with increasing [D] , in accordance with equation (4) If folding is a reversible transition between just two states, the native and denatured state, then the rate constant for folding, k F , must follow the rate law:
where k F is the rate constant of refolding at a given denaturant concentration, k
is the rate constant of refolding in water, and m {-U is the slope. The complete kinetics of folding and unfolding can be ®tted to equation (5), which is derived from equations (2) and (4):
where k is the rate of unfolding or refolding at a particular denaturant concentration (Jackson & Fersht, 1991a) . The kinetic data for urea or GdnHCl unfolding and refolding of FKBP12 can be ®tted to this two-state model to yield the values for k Table 2 ). The value for k H 2 O F calculated from the best ®t of the urea and GdnHCl data are within experimental error. When the GdnHCl data are ®tted to equation (5), k
is slightly higher than that measured for the urea experiment; however, when curvature in the unfolding data is taken into consideration (equation (3)), the values of k H 2 O U extrapolated from the urea and GdnHCl unfolding data are identical (Table 2) .
From these results the values for ÁG
UÀF and m U-F can be calculated taking into account the equilibria in the denatured state due to proline isomerisation (Jackson & Fersht, 1991a) . The values are summarised in Table 3 
Folding Pathway of FKBP12
To further verify the two-state model of folding for FKBP12, stopped-¯ow circular dichroism (CD) experiments were performed. Stopped-¯ow CD has been used extensively to detect burst phases in folding kinetics, i.e. a change in the ellipticity within the deadtime of the instrument, which can correspond to the rapid formation of an intermediate state with secondary structure. Figure 4 shows the kinetic trace obtained for a pH-jump initiated refolding experiment for FKBP12. The baseline was determined by rapid a Calculated from the best ®t of the data to equation (5). b Calculated from the best ®t of the data to a two-state model using a second-order polynomial ®t for the unfolding data. lnk ln (k (9) and the m U-F value measured for that experiment. b Calculated using equation 9 and an average m U-F value of 1.59, see footnote to Table 1 . c Calculated from the best ®t of the data to a two-state model using a second-order polynomial ®t for the unfolding data, lnk ln (k
). d Not determined due to the signi®cant curvature in lnk U versus [GdnHCl] .
Characterisation of the transition state of folding
Compactness of the transition state:
The values of m {-U and m {-F can be related to the average fractional change in degree of exposure of residues between initial and transition state in an analogous manner to m U-F (Tanford, 1968 (Tanford, , 1970 . Thus, the ratio of m {-F /m U-F or m {-U /m U-F is a measure of the fractional change in degree of exposure of residues between the native or denatured state, and the transition state. A value b T is de®ned as: Table 2 . The value of 0.7 is similar for both urea and GdnHCl experiments and within the range found for other proteins (Jackson, 1998) .
Structure of the ligand-binding site in the transition state
The kinetics of unfolding and folding were determined as a function of denaturant concentration in the presence of the tight-binding ligand rapamycin (Figure 3(b) ). The ligand concentration was in excess of the protein concentration such that, at the concentration used, all native FKBP12 was in the complexed form. As expected, the FKBP12-rapamycin complex unfolds many orders of magnitude slower than the uncomplexed protein. Although the exact difference in unfolding rate between free and complexed FKBP12 varies slightly with denaturant concentration, at 3.5 M GdnHCl the difference is greater than 2 Â 10 5 . In comparison, there is relatively little effect on the folding rate (Figure 3(b) ).
Trifluoroethanol as a probe of secondary structure formation in the transition state Tri¯uoroethanol and other alcohols have recently been used to probe the extent of secondary structure formation in the transition state for folding of acyl phosphatase (AcP) (Chiti et al., 1998 (Chiti et al., , 1999 . We performed similar experiments on FKBP12 in order to study the extent of helix formation in the transition state. The [urea]-dependence of the unfolding and refolding rate constants was measured at three different TFE concentrations, 3.6 %, 9.6 % and 17 % (v/v). The results are shown in Figure 3(a) . For all three TFE concentrations the data ®t well to a two-state model, as shown by a comparison of the kinetic and equilibrium data (Table 3) . Kinetic parameters obtained from the best ®t of the data to a two-state model (equation (5)) are shown in Table 2 . In 3.6 and 9.6 % TFE the protein folds faster and unfolds more slowly than in the absence of TFE, consistent with the equilibrium results which show that low concentrations of TFE stabilise the native state relative to the unfolded state. In 17 % TFE the protein folds faster but also unfolds faster than in the absence of TFE, consistent with the equilibrium results which show a slight destabilisation of the native state relative to the unfolded state under these conditions. Figure 3(c) shows the variation in the rate of unfolding and refolding with ®nal TFE concentration. The folding rate increases with increasing concentrations of TFE up to a maximum rate enhancement of fourfold at 9.6 % TFE, the refolding rate then decreases with increasing TFE concentration. This effect has also been observed for AcP (Chiti et al., 1998 (Chiti et al., , 1999 . The unfolding rate increases with [TFE] in a manner similar to chemical denaturants. Extrapolation of the folding and unfolding rates into the transition region results in a crossover or midpoint of unfolding (k U k F ) at approximately 30 % TFE. Taking into account cis-trans proline isomerisation equilibria in the denatured state, this is consistent with the equilibrium experiments for which the midpoint was 26 %.
To provide some measure of the extent of helix formation in the unfolded state of FKBP12 in the presence of TFE, far-UV circular dichroism spectra were recorded. Figure 5(a) shows the far-UV CD spectra of acid-unfolded FKBP12 in 0, 3.6 and 9.6 % TFE, compared with the spectrum of the native protein (the spectrum of the native protein did not change with TFE, data not shown). At 9.6 % TFE the helix content in the unfolded state is comparable to the native structure. The far-UV CD spectra of urea-unfolded, native and TFE-unfolded FKBP12 demonstrate that there is extensive nonnative helix formation at 40 % (Figure 5(b) ). (Table 4) . Over the temperature range 15-35 C the folding of FKBP12 remains twostate (Figure 6(a) ). The rate constant for unfolding was also measured over a wider range of temperatures at a single ®nal urea concentration (7 M). The Eyring plot for these data is shown in Figure 6 (b) and is clearly non-linear. Non-linearity in Eyring plots is observed when there is a signi®cant difference in the heat capacity between the initial state and the transition state. In this case ÁH { , the activation enthalpy, and thus ÁG { , the activation energy, are dependent on temperature. Following the analysis by Chen et al. (1989) , the data can be ®tted to:
where:
and where ÁC p { is the heat capacity change between the initial and transition state, ÁS { is the C (®lled diamonds). Rate constants are measured in 50 mM phosphate (pH 7.5), 1 mM DTT. The continuous curves shows the best ®t of the data to a two-state model (equation (5)). (b) Eyring plot of the temperature dependence of the unfolding rate constant at a ®nal urea concentration of 7 M, in 50 mM phosphate (pH 7.5), 1 mM DTT (®lled circles). The continuous curve shows the best ®t of the data to equation (7). The data shown have been offset by a constant in order to illustrate the unfolding and refolding curves under identical conditions, i.e. in water. The data were not offset when ®tting to equation (7). Eyring plot of the temperature dependence of the fast refolding rate constant at 0 M urea, in 50 mM phosphate (pH 7.5), 1 mM DTT (open circles). The continuous curve shows the best ®t of the data to equation (7). The intersects of the two curves indicate the point at which the midpoint of heat or cold denaturation, and are 73 C and À17 C, respectively. change in entropy between initial and transition state, ÁH { is the change in enthalpy between initial and transition state, and ÁG { is the change in free energy between initial and transition state. The activation parameters for unfolding and refolding of FKBP12 are shown in Table 5 . Subscript U is used to denote the activation parameters for the unfolding reaction and subscript F is used to denote the activation parameters for the refolding reaction.
The temperature dependence of the fast refolding phase was determined by pH-jump experiments over the temperature range 8-48
C. The Eyring plot shows signi®cant curvature over this temperature range (Figure 6(b) ). As with the unfolding data, this curvature results from a signi®cant change in heat capacity on going from the denatured state to the transition state. The data were analysed using equation (7), and the activation parameters calculated are shown in Table 5 .
Characterisation of the slow refolding phases
Slow phases are often observed in refolding reactions due to the heterogeneous nature of the denatured state resulting from cis-trans proline isomerisations (Brandts et al., 1975; Kim & Baldwin, 1982) . Two slow refolding phases are observed for FKBP12 (see Figure 7 (a)). Previous studies have shown that the slowest phase is limited by a proline isomerisation step Veeraghavan et al., 1996) . Here we show that the second refolding phase, observed only at low concentrations of denaturant, is also due to proline isomerisation. Refolding experiments were performed in the presence of the peptidyl-prolyl isomerase (PPIase), cyclophilin A. At high concentrations of cyclophilin A both slow phases are accelerated suf®ciently that a single exponential process is observed (see Figure 7(a) ). Double-jump experiments were also performed. Using a delay time of 100 ms (between unfolding and refolding) the slowest phase disappears, consistent with evidence that it is due to a slow rate-limiting proline isomerisation event (Figure 7(b) ). The faster of the two slow phases, however, is still observed. Although, this is not consistent with the rates of trans-cis proline isomerisation measured for model prolinecontaining peptides (Grathwohl & Wuthrich, 1981) , several groups have observed fast proline isomerisations in proteins (Jackson & Fersht, 1991b; Schmid et al., 1996) . Further, double-jump experiments in the presence of cyclophilin A, (Figure 7 (b)) show that this phase can be catalysed by PPIases, and at suf®ciently high concentrations of cyclophilin A, a single exponential is again observed (Figure 7(b) ).
Discussion Evidence for a two-state transition
It has previously been shown that FKBP12 unfolds according to a two-state model under equilibrium conditions (Egan et al., 1993) . Here, we show that FKBP12 also folds according to a twostate model under non-equilibrium conditions, i.e. no intermediates are signi®cantly populated on the unfolding or refolding pathway of this protein even in the absence of denaturant. Two pieces of evidence suggest this. First, the plots of lnk U and lnk F versus [urea] are linear, resulting in the characteristic V-shaped curves shown in Figure 3(a) . In this case linearity is an indication, but not proof, that the protein folds by a two-state mechanism. Second, and most important, data obtained from kinetic experiments can be compared to equilibrium data. Values for ÁG H 2 O U-F and m U-F calculated from the kinetic data, assuming a two-state transition, are within experimental error of the values obtained directly from equilibrium experiments (Table 3) . Stopped-¯ow CD experiments provide Table 4 . Kinetic parameters for the temperature dependence of the refolding and unfolding rate constants , the same unit as the m U-F , multiply by a factor of RT. Table 5 . Activation parameters for the refolding and unfolding of FKBP12 calculated from the Eyring plots (Khorasanizadeh et al., 1996) , and for acylphosphatase by the addition of tri¯uoroethanol (Chiti et al., 1998) . In these cases, the observed kinetics become three-state. By comparison, the folding of FKBP12 remains two-state on addition of 0.4 M Na 2 SO 4 or 17 % TFE (v/v) (Figure 3(a) 
Comparison with other proteins
There are now at least 20 proteins which have been reported to fold with two-state kinetics (Jackson, 1998) . For some of these proteins, however, the folding rate has not been measured in the absence of denaturant, so one cannot rule out the presence of stable intermediate states in water. The dif®culties in measuring the folding rate in water may result from the fact that not all proteins denature at low pH, or that the folding rates are too fast to measure by conventional stopped-¯ow techniques.
Most proteins that fold with two-state kinetics are small, typically less than 90 residues and often between 60 and 80 residues in length. It has been proposed that the larger the protein, the more likely it will exhibit non-two-state behaviour (Fersht, 1995) , so it is interesting to note that, despite its size, FKBP12 still follows two-state kinetics. In fact, several smaller proteins exhibit more complex kinetics including ubiquitin (76 residues, Khorasanizadeh et al., 1996) and barstar (89 residues, Schreiber & Fersht, 1993) .
For proteins which fold with two-state kinetics there is a wide spread in the observed, or extrapolated, folding rate in water; the slowest is muscle acyl phosphatase with a k H 2 O F of 0.23 s À1 at 25 C , and the fastest a mutant of monomeric l repressor with a rate of 88,000 s À1 at 37 C (Burton et al., 1996) . In comparison to many other proteins, FKBP12 is quite slow to fold. This raises some interesting questions about the nature of the kinetic barriers to folding. In order to address this and other questions we have characterised the transition state for folding using a number of complementary techniques and approaches. Here we have used four different experiments on the wild-type protein to characterise the transition state. In the accompanying paper we present studies using protein engineering techniques and È-value analysis to characterise the energetics of the transition state, as well as presenting structures of the transition state obtained directly from molecular dynamic simulations (Fulton et al., 1999) .
Characterisation of the transition state of folding
Compactness
Kinetic experiments are the only experimental method for obtaining information on the nature of transition states, whether it be in a simple chemical reaction or in a complex reaction such as protein folding. Using approaches based in physical organic chemistry, perturbations to the system and their effect on the kinetics and equilibrium of a process can be used to inform on the nature of the transition state. For the wild-type protein we have used perturbations in denaturant concentration, temperature, ligand concentration, and solvent. We have measured the effects of these on the kinetics of folding and unfolding and compared these to their effects on the unfolding equilibrium.
The value of b T is a measure of the average exposure of residues in the transition state relative to the unfolded and native states. The value for FKBP12 is 0.7, indicating that, on average, 70 % of the surface area buried in the native structure is already buried in the transition state and that the transition state is a compact state relative to the unfolded state. Even for simple two-state systems b T is highly variable (Jackson, 1998) . The highest reported value, indicating that the transition state is close to the native state, is 0.9 for the cold shock family of proteins (Schindler et al., 1995) , whereas the lowest value is 0.4-0.5, for wild-type monomeric l repressor (Burton et al., 1996) , and cytochrome c (Chan et al., 1997; Mines et al., 1996) . The value for FKBP12 is typical of many other proteins.
Changes in heat capacity between the denatured, transition and native state, calculated from temperature-dependence studies (Chen et al., 1989) can also be used as a measure of the compactness of the transition state. A b T (heat capacity) value can be de®ned as ÁC pF { /(ÁC pF { À ÁC pU { ). (The main contribution to heat capacity is from hydrophobic residues, so the ratio re¯ects the degree to which hydrophobic side-chains have become buried in the transition state relative to the denatured state.) For FKBP12, b T (heat capacity) is 0.4, which is substantially lower than the value obtained from mvalues. Differences in b T measured from [denaturant]-dependence experiments and temperaturedependence experiments has been noted elsewhere (Plaxco & Baker, 1998) . Molecular dynamic simulations (see the accompanying paper) suggest the structural basis for this result: the total accessible surface area increases by 30-37 % in the transition state, whereas the non-polar side-chain surface area increases by 50-55 % (Fulton et al., 1999) . Table 5 summarises the thermodynamic parameters for the transition state relative to the unfolded or native state obtained from the temperature-dependence studies. There is a large enthalpic contribution to the unfolding and refolding activation energy at 298 K, and a much smaller entropic contribution. In general it is dif®cult to interpret changes in enthalpy and entropy as the factors contributing to these terms are complex and include solvation effects. The activation enthalpy for unfolding is large and positive, as has been observed for other proteins, and is attributed to the loss of favourable interactions present in the native state. The large, positive activation enthalpy for folding can be attributed to the formation of hydrophobic interactions in the transition state. It is interesting to note that the activation entropies for unfolding and refolding are both small and negative. Values for ÁS F { are frequently negative, a result of the decrease in chain entropy. Negative values for ÁS U { , however, are less common, and indicate a decrease in entropy between native and transition state. For FKBP12 this may result from the increase in solvent accessibility of hydrophobic side-chains in the transition state, forcing water molecules to order around exposed hydrophobic groups.
Thermodynamics
Ligand-binding site
The binding of ligands and the energetics of ligand-protein interactions can be used to probe the extent of structure formation in ligand-binding sites in the transition state for folding (Sancho et al., 1992) . Here we have used the tight-binding ligand rapamycin to probe the ligand-binding site in the transition state for folding of FKBP12. Rapamycin binds tightly to the native state of FKBP12, thus stabilising it towards chemical denaturation, and a large shift in the midpoint of denaturation is observed (Figure 2(a) ). The effect of rapamycin on the unfolding rate suggests that the ligand-binding site is only very weakly formed in the transition state. It is interesting to note that there is some effect on the folding kinetics and this is under further investigation.
Secondary structure in the transition state
Alcohols such as tri¯uoroethanol and hexa¯uoroisopropanol have been reported to accelerate the rate of folding of hen lysozyme and acyl phosphatase (Chiti et al., 1998 (Chiti et al., , 1999 Lu et al., 1997) . For hen lysozyme these results have been attributed to a weakening of hydrophobic interactions with increasing TFE, which destabilises a misfolded species on the folding pathway which acts as a kinetic trap. For acyl phosphatase, however, the acceleration in folding rate has been attributed to changes in the stability of native ahelices in the denatured state. It is argued that formation of native a-helices in the denatured state leads to an increase in rate on entropic grounds, as there is no unfavourable loss in entropy on forming the helix in the transition state (Chiti et al., 1998) . The maximum rate enhancement (20-fold) is obtained at a TFE concentration where far-UV CD spectra indicate a native amount of a-helix in the denatured state. At concentrations greater than this, the folding rate decreases as non-native helices are stabilised. We ®nd very similar results for FKBP12, a rate enhancement of fourfold is observed at 9.6 % TFE, the concentration at which the helical content of the acid-unfolded state is comparable to the native state ( Figure 5(a) ). This ®nding suggests that the a-helix may be formed in the folding transition state.
In comparison, to the results on acyl phosphatase no``rollover'' was observed in the plots of lnk F versus [D] for high concentrations of TFE (Figure 3(d) ), indicating that even at high concentrations of TFE, where non-native helices are present in the denatured state, intermediates do not accumulate on the folding pathway.
Folding Pathway of FKBP12 Nature of the transition state and comparison with protein engineering studies and molecular dynamics simulations
Together these results suggest a compact transition state relative to the unfolded state, where some 70 % of the surface area has become inaccessible to solvent. Approximately 30 % of the hydrophobic surface area is still accessible to solvent in the transition state, which may account for the observed negative entropy of activation of unfolding. Protein engineering and molecular dynamic studies have provided more detailed information on the burial of hydrophobic residues (Fulton et al., 1999) . Together these studies have shown that some regions of the protein are more highly structured in the transition state than others, indicating that a non-speci®c hydrophobic collapse cannot have occurred. It is interesting to note that, although there has been a signi®cant burial of hydrophobic residues, no residues investigated so far have È-values greater than 0.6. Although partially secluded from solvent, the side-chains have not achieved the tight packing characteristic of the native state.
Ligand-binding studies show that the ligandbinding site is largely unstructured in the transition state. In structural terms these results suggest that b-strand 3, the loop connecting bstrand 3 and the a-helix, and the 80 s loop which forms the ligand-binding site, are largely unstructured in the transition state. The TFE experiments suggest that the a-helix may be formed in the transition state, at least in the presence of TFE. This ®nding is in disagreement with protein engineering and molecular dynamics studies which indicate that only the C-terminal region of the helix is weakly formed in the transition state and that the N terminus of the helix is largely unstructured (Fulton et al., 1999) . Such a discrepancy could arise if TFE changes the pathway of folding, favouring pathways in which the helical structure is formed early, or if TFE has a global effect on protein structure and not a speci®c effect on the a-helix. This problem has been addressed by performing a fvalue analysis in water and in TFE. The results from these studies suggest that TFE acts globally on the protein and does not stabilise any single element of secondary structure .
Conclusions
We have shown that the 107-residue FKBP12 protein folds with simple two-state kinetics in water. It folds ef®ciently without populating intermediate states or misfolded species which could act as kinetic traps. Thus, both its size and structure, which includes the topological crossing of two loops, do not prevent it from folding with a simple two-state mechanism. The transition state is relatively compact compared to the unfolded state, but some hydrophobic side-chains are exposed to solvent suggesting a weakening of the hydrophobic core. Some regions of the protein, such as the loops involved in ligand binding, are not structured in the transition state. In general there is good agreement between these studies and the results of protein engineering and molecular dynamic simulations reported by Fulton et al. (1999) .
Materials and Methods
Materials
Isopropyl-thio-b-D-galactoside (IPTG) was purchased from HT-Technologies or Sigma. Ultra-grade urea was used (Fisher Scienti®c UK Ltd.) and guanidinium chloride was purchased from Fluka Biochemika. Glutathione agarose was from Pharmacia or Sigma. All other materials were analytical grade and purchased from Sigma.
Construction of pGST-FKBP12 expression vector
The glutathione-S-transferase (GST) gene fragment from pGEX-2T (Pharmacia) was ampli®ed with NcoI and BamHI restriction sites using standard polymerase chain reaction techniques. This fragment was subcloned into a pTrcHis-A vector (Invitrogen) which had been modi®ed to remove the histidine tag. This created a new GSTfusion vector (pTrcGST) which is under the control of the trc promoter and is IPTG-inducible. The wild-type human FKBP12 gene was ampli®ed with BamHI and EcoRI restriction sites and subcloned into the multiplecloning site of the pTrcGST vector to create a new highlevel expression vector, pGST-FKBP12.
Expression and purification of recombinant human FKBP12
An overnight culture of Escherichia coli BL21 cells harbouring the pGST-FKBP12 plasmid was used to inoculate a large volume of LB broth containing 50 mg ml À1 ampicillin. This was grown at 37 C with shaking for two to three hours until the absorption of the cells at 600 nm was 0.5-1.0. IPTG was added to a ®nal concentration of 0.1 mM to induce expression of the GST-FKBP12 fusion protein, and the temperature reduced to 30 C to minimise inclusion body formation. Cells were harvested after three hours by centrifugation in a large (SLA-3000) Sorvall rotor for ten minutes at 5000 rpm at 4 C. The cell pellet was resuspended in 30 ml of ice-cold PBS ($30 ml per $10 g of whole cell pellet) containing $1 mg ml À1 lysozyme and kept on ice for 30 minutes. Cells were then freeze-thawed four times using liquid nitrogen and a 37 C water-bath and then sonicated (6 Â 20 seconds, 4 C) to ensure complete lysis. Triton-X-100 was added to a ®nal concentration of 1 % (v/v) and the mixture left for 30 minutes on ice. Cell debris was removed by centrifugation at 18,000 rpm in a Sorvall SS-34 rotor for one hour at 4 C and the supernatant was ®l-tered and loaded onto a PBS-equilibrated gravity¯owing glutathione-agarose column. The GST-FKPB12 fusion protein was eluted with 50 mM Tris (pH 7.5), 10 mM reduced glutathione and then cleaved overnight at room temperature with thrombin. Separation of FKPB12 from the GST and thrombin was achieved using a Pharmacia HiLoad FPLC G75 Superdex column (26/60) which had been pre-equilibrated with 50 mM Tris (pH 7.5), 150 mM NaCl. DTT (1 mM) was added to prevent oxidation of the cysteine residue. Puri®ed protein was then concentrated,¯ash-frozen and stored in liquid nitrogen or at À80 C. The purity of the protein was determined using SDS/polyacrylamide gel electrophoresis and mass spectroscopy. Protein concentration was determined spectrophotometrically using a molar extinction coef®cient, e, of 9927 M À1 cm À1 at 278 nm (Egan et al., 1993) .
Equipment and general procedures
In all the equilibrium and kinetic experiments the ®nal buffer concentration was 50 mM Tris-HCl (pH 7.5), 1 mM DTT, except the temperature dependence studies where 50 mM phosphate (pH 7.5), 1 mM DTT was used. All stock solutions of urea or guanidinium chloride (GdnHCl) were made using volumetric¯asks, and the urea solutions were¯ash-frozen and stored at À20 C to prevent degradation. All protein solutions were ®ltered (0.2 mm Sartorius Minisart ®lter) prior to addition to denaturant solutions.
Equilibrium experiments
Urea and guanidinium chloride denaturation: preparation of samples A stock solution of urea (8-10 M) or GdnHCl (2-8 M), was diluted to obtain a large range of denaturant concentrations using a Hamilton Microlab dispenser; 100 ml of a stock solution of FKBP12 (ca 18-36 mM) containing 450 mM Tris-HCl (pH 7.5), 9 mM DTT was added to each denaturant sample (800 ml). For the 3.64 % TFE experiment the stock FKBP12 solution was as above, with the addition of TFE to 32.8 % (v/v). For the experiments at 9.6 % and 17 % TFE, TFE was added to the individual denaturant solutions. The protein/denaturant solutions were pre-equilibrated at 25 C for at least one hour. The GdnHCl-denaturation of the FKBP12-rapamycin complex followed the same procedure, except that 18 ml of a stock solution of rapamycin (1 mM in ethanol) and 82 ml of a stock solution of FKBP12 (22 mM) containing 549 mM Tris-HCl (pH 7.5), 11 mM DTT was added to each 800 ml GdnHCl sample to give ®nal concentrations of FKBP12 and rapamycin of 2 and 20 mM, respectively. The FKBP12-rapamycin-denaturant solutions were pre-equilibrated at 25 C for ca 24 hours.
TFE denaturation
TFE (100 %, v/v) was split and diluted to obtain a large range of TFE concentrations using a Hamilton Microlab dispenser. A 100 ml portion of a FKBP12 stock solution (18-36 mM FKBP12, 450 mM Tris-HCl (pH 7.5), 9 mM DTT) was added to each TFE sample (800 ml). The protein/TFE solutions were pre-equilibrated at 25 C for at least one hour.
Spectroscopic measurements
All measurements were performed in a thermostatted cuvette holder at 25 C using either a Perkin Elmer Luminescence Spectrometer LS50B, or a SLM Aminco Bowman Series 2 Luminescence Spectrometer. The excitation wavelength was 280 nm, and band passes for excitation and emission typically 2.5-10 nm. The¯uorescence of FKBP12 was measured at the l max for the denatured state, either 356 nm for FKBP12 or FKBP12-rapamycin experiments, or 347 nm for experiments in the presence of TFE.
Kinetic experiments
An Applied Photophysics Stopped Flow Reaction Analyser (model SF.17MV) was used and data were acquired and analysed using the Applied Photophysics Kinetic Workstation, version 4.099, supplied. In all studies the temperature was 25(AE0.1) C, unless otherwise stated.
Unfolding studies
Unfolding was performed by [denaturant] or [TFE] jump experiments in the following manner. Unfolding was initiated by diluting one volume of an aqueous protein solution (ca 22 mM FKBP12 in 50 mM Tris-HCl (pH 7.5), 1 mM DTT) into ten volumes of either concentrated denaturant or TFE solution (containing 50 mM Tris-HCl (pH 7.5), 1 mM DTT) such that the ®nal concentrations were between 3.5 and 8.5 M for urea, 1 and 3.5 M for GdnHCl, and 40-80 % for TFE. For the ureainduced unfolding experiments in the presence of TFE both aqueous native protein solution and unfolding buffer contained 3.64 % or 9.6 % TFE.
For the GdnHCl-induced unfolding of the FKBP12-rapamycin complex a stock solution of FKBP12 (22 mM) and rapamycin (44 mM) was pre-equilibrated in 50 mM Tris (pH 7.5), 1 mM DTT. Unfolding was then initiated by manually mixing one volume of the aqueous protein/ rapamycin solution into ten volumes of concentrated GdnHCl, ®nal concentrations varying between 3.5 and 5 M. Under these conditions unfolding is suf®ciently slow that manual mixing can be employed and the reaction followed SLM Aminco Bowman Series 2 Luminescence Spectrometer.
Refolding studies
Refolding was initiated by either [denaturant], [TFE] or pH-jump experiments.
[Denaturant]-jump Protein was initially unfolded in 50 mM Tris-HCl (pH 7.5), 1 mM DTT containing either 6.0 M urea, 1.2 M GdnHCl or 40 % (v/v) TFE. Refolding was then initiated by rapid mixing of one volume of denatured protein into ten volumes of a refolding buffer containing 50 mM TrisHCl (pH 7.5), 1 mM DTT, and appropriate amounts of denaturant or TFE to give ®nal concentrations between 0.54 and 3.5 M urea, 0.11 and 0.6 M GdnHCl, or 3.64 and 17 % TFE.
[Urea]-jump experiments were also performed in the presence of small amounts of TFE by the addition of either 3.64 % or 9.6 % TFE to both the urea-unfolded protein solution and the refolding buffers.
[GdnHCl]-jump refolding experiments were also performed on the FKBP12-rapamycin complex. The complex (22 mM FKBP12, 44 mM rapamycin, 50 mM Tris-HCl (pH 7.5), 1 mM DTT) was initially unfolded in 3 M GdnHCl. Refolding was then initiated by manual or rapid mixing of one volume of the denatured protein/rapamycin solution into ten volumes of a refolding buffer. Final GdnHCl concentrations were between 0.27 and 1.4 M.
Folding Pathway of FKBP12 pH-jump (alkali and acid)
Protein was initially denatured by changing the pH to either 1.5 (by addition of 5 M HCl to give a ®nal concentration of 32 mM) or 12 (by addition of NaOH to give a ®nal concentration of 10 mM). The protein was refolded by rapid mixing (1:1) with refolding buffer containing either 100 mM Tris-HCl (pH 8.1), 1 mM DTT for acidjump or 100 mM Tris-HCl (pH 7.2), 1 mM DTT for the alkali-jump. In both cases, the ®nal solution was 50 mM Tris-HCl (pH 7.5), 1 mM DTT. The pH-jump experiments were performed in the absence and presence of low concentrations of denaturants and TFE.
Double-jump experiments
Native protein, weakly buffered in 1 mM Tris-HCl (pH 7.5), 1 mM DTT, was rapidly denatured by a 1:1 dilution into unfolding buffer containing 64 mM HCl. Delay times between 0.1 and 10 seconds were used before the protein was then rapidly mixed (1:1) with a refolding buffer containing 100 mM Tris-HCl (pH 8.1), 1 mM DTT (to give a ®nal solution of 50 mM Tris-HCl (pH 7.5), 1 mM DTT). This was achieved using an Applied Photophysics Stopped Flow Reaction Analyser (model SF.17MV) in double-jump mode. Under these conditions FKBP12 unfolds within the deadtime of the instrument (<10 ms).
Refolding in the presence of cyclophilin A pH-jump and double-jump experiments, as described above, were also performed in the presence of 0-50 mM cyclophilin A. Human cyclophilin A was expressed as a fusion protein with GST and puri®ed as described for FKBP12. The concentration of cyclophilin A was determined spectrophotometrically using a molar extinction coef®cient, e, of 25,900 M À1 cm À1 at 280 nm.
Circular dichroism spectroscopy
Far-UV CD spectra were acquired using a Jasco J-720 spectropolarimeter with thermostatted cuvette holder. Native protein samples were 33 mM FKBP12 in 50 mM phosphate (pH 7.5), 1 mM DTT. TFE (100 %) was added to give ®nal concentrations of 0, 3.6, 9.6, 17 % (v/v) . Acid-denatured samples were prepared by the addition of 5 M HCl to an unbuffered protein sample to give a ®nal concentration of 32 mM HCl (pH 1.5). The protein concentration was 33 mM, DTT was added to a ®nal concentration of 1 mM, and TFE added as above. A TFEdenatured sample was prepared by the addition of 100 % TFE to 33 mM FKBP12 in 50 mM phosphate (pH 7.5), 1 mM DTT, to give a ®nal concentration of 40 % (v/v). A 2 mm pathlength cell was used.
Stopped-flow circular dichroism spectroscopy
An Applied Photophysics Stopped-¯ow was used in 1:1 mixing mode. The reaction was followed at 222 nm with a band pass of 10 nm, and a pathlength of 2 mm. The refolding reaction was initiated by pH jump as described above, but a 100 mM phosphate (pH 8.1), 1 mM DTT solution was used (®nal concentration 50 mM (pH 7.5), 1 mM DTT). Protein concentrations were 100 mM after mixing.
Equilibrium data analysis: Calculation of [D] 50% and m U-F
The entire data set from the¯uorescence monitored denaturation experiments can be ®tted to equation (8) using the non-linear regression analysis program Kaleidagraph (version 3.0 Synergy Software, PCS Inc.):
where F is the observed¯uorescence, a N and a U are the intercepts, and b N and b U are the slopes of the baselines at the low (N) and high (U) denaturant concentrations, [D] 50 % is the midpoint of unfolding, [D] is the concentration of denaturant and m U-F is a constant that is proportional to the increase in degree of exposure of the protein on denaturation. Equation (8) Jackson & Fersht (1991a) . Values for [D] 50 % and m U-F are obtained with their standard errors. ÁG H2O U-F , the free energy of unfolding in water, can also be calculated using equation (9):
